The association between hepatitis B virus (HBV) quasispecies (QS) and the efficacy of nucleos(t)ide analog therapy is currently not well defined, particularly in the case of lamivudine (LAM)/adefovir (ADV) combination rescue therapy for patients with chronic HBV infection (CHB) presenting with LAM resistance. In the present study, 16 CHB patients with the rtM204I/V mutation in the tyrosine-methionine-aspartate-aspartate motif of the C domain of the polymerase gene who switched to LAM/ADV treatment due to LAM resistance were assessed. HBV DNA was isolated from these patients and the reverse transcriptase (RT) region was sequenced. The QS heterogeneity and distribution was analyzed, the mutation sites were recorded and the phylogenetic trees were constructed. The results indicated that QS heterogeneity and distribution in the RT and S regions were not significantly different between responders (RS) and non-RS (NRS) at baseline (P>0.05), except for the higher frequency of a dominant strain in the RT region at the nucleotide level in the RS group (P=0.039). In addition, in NRS, no significant difference in QS heterogeneity or distribution in these regions was identified at six months vs. the baseline. Furthermore, although in the non-responder group the frequency of the LAM resistance-associated mutations (rtM204V/I) decreased at 6 months compared with the baseline, it did not disappear in any of the patients after six months of treatment. Analysis of individual patients did not indicate any consistent selection of specific HBV mutants during LAM/ADV rescue therapy. In conclusion, the baseline HBV QS within the RT and S regions may not be a valid predictor of the response to LAM/ADV rescue treatment in CHB patients with LAM resistance.
Introduction
An estimated 240 million individuals worldwide are chronically infected with hepatitis B virus (HBV) (1) . Large-scale studies have demonstrated that effective anti-viral therapy may inhibit HBV replication and hence remission of the liver disease, thereby preventing associated morbidity and mortality (2) . In China, current treatments for chronic hepatitis B (CHB) include interferon (IFN)-α and nucleos(t)ide analogs (NAs). Five NA drugs, namely lamivudine (LAM), adefovir (ADV), telbivudine, entecavir (ETV) and tenofovir (TDF), have been approved for the treatment of CHB. A problem with NA therapy is that a long duration of treatment leads to an increased risk of drug resistance, which subsequently results in treatment failure. Although LAM and ADV are not recommended as first-line therapy in CHB, they are administered to numerous patients with CHB, either as a monotherapy or in combination, due to reasons including low cost and availability (3) . As a result, drug resistance remains a great challenge in HBV treatment.
LAM was the first nucleoside analogue approved for the treatment of CHB. Resistance to LAM has been reported in ~20% of anti-viral-naive patients after one year and up to 70% of patients after five years of treatment (4) . It has been indicated that LAM resistance is mostly associated with the rtM204I/V mutation in the tyrosine-methionine-aspartate-aspartate (YMDD) motif of the C domain of the polymerase gene. Several types of rescue therapy have been applied in patients with LAM-resistant CHB, yielding virological and biochemical improvements (5) . A number of studies have reported good efficacy of LAM/ADV combination as a rescue therapy against LAM resistance (6, 7) . However, ADV resistance was encountered in ~18% of the patients who had presented with resistance to LAM after 48 weeks of ADV administration (8) . ADV-resistance has been associated with the rtN236T mutation in the D domain Viral quasispecies of hepatitis B virus in patients with YMDD mutation and lamivudine resistance may not predict the efficacy of lamivudine/adefovir rescue therapy and/or the rtA181V/T mutation in the B domain. However, the underlying mechanisms of the development of ADV resistance due to LAM/ADV combination therapy in patients with LAM resistance have remained elusive. Although HBV is a DNA virus, it uses pre-genomic RNA as a replicative intermediate, similar to RNA viruses. The lack of proof-reading capacity of the HBV reverse transcriptase (RT) and a high replication rate result in a significantly increased frequency of viral genomic mutations (9) . Consequently, the virus circulates as quasispecies (QS), a spectrum of genetically distinct but highly similar viral variants, and their evolution and distribution require to be monitored to allow for proper chronic infection management (10) . QS may contribute to viral pathogenesis, and may have an influence on anti-viral treatment and an involvement in drug resistance, as has been reported previously for RNA viruses, including hepatitis C virus (HCV) and human immunodeficiency virus (HIV) (11, 12) . Several studies have indicated that the HBV QS complexity may be associated with the virological response to NAs (13) (14) (15) (16) . However, the association between HBV QS and NA treatment is currently not well-defined, particularly in case of LAM/ADV combination therapy for LAM resistance.
Due to the overlap between the open reading frames of the RT and the HBV surface antigen (HBsAg), mutations in the RT domain frequently affect the amino acid sequence of the HBsAg, leading to immune evasion (17) . Chen et al (18) reported changes in nucleotide or amino acid sequences in the HBsAg region in LAM and/or ADV resistance in LAM/ADV-treated patients. Dynamic changes in QS within the S region may also have important roles. However, the impact of QS of the S region on LAM/ADV combination therapy in LAM-resistant patients has largely remained to be elucidated. The present study aimed to investigate the evolution of HBV QS within the RT and S regions during six months of LAM/ADV combination anti-viral therapy in patients with YMDD mutation and LAM resistance, and to explore its effects on drug resistance and anti-viral efficacy.
Materials and methods

Study design.
A total of 16 patients with CHB who received LAM/ADV combination as rescue therapy due to LAM resistance were enrolled at the First Affiliated Hospital of Anhui Medical University (Hefei, China) between July 2010 and August 2014. All patients were initially administered oral doses of LAM at 100 mg per day (Glaxo Smith Kline Pharmaceuticals, Co., Ltd., Suzhou, China) and LAM plus ADV at 10 mg per day (Glaxo Smith Kline Co., Ltd.), after the detection of LAM resistance-associated HBV variants. All patients received combination therapy for at least six months.
Patients who met the following inclusion criteria were enrolled: Age, 18-60 years; presence of HBsAg at least six months prior to LAM treatment; elevated HBV DNA ≥10 5 copies/ml and serum alanine aminotransferase (ALT) levels higher than twice the upper limit of normal prior to LAM treatment; no history of receiving NAs or IFN treatment at any time prior to LAM treatment; and YMDD mutation confirmed by direct sequencing. The exclusion criteria were as follows: Co-infection with HIV, HCV or hepatitis D virus; liver diseases due to other causes (e.g., autoimmune liver disease, alcoholic hepatitis or drug-induced hepatitis); and poor compliance during treatment.
Anti-viral efficacy was evaluated at six months from the start of LAM/ADV combination treatment. Patients who had undetectable HBV DNA levels (HBV DNA <1,000 copies/ml) at six months were defined as responders (RS), while patients who did not meet this criterion were considered non-RS (NRS).
At baseline and at six months, serum samples were obtained from all 16 patients and stored at -80˚C. Liver biochemistry, HBV serology and HBV DNA levels were determined at the First Affiliated Hospital of Anhui Medical University (Hefei, China), as described previously (19) .
Molecular cloning and sequencing. HBV DNA was extracted from serum samples (100 µl) using the QIAamp blood mini kit (cat. no. 40725; Qiagen GmbH, Hilden, Germany) following the manufacturer's instructions and eluted in 30 µl distilled water. The nucleotide sequences of the HBV RT region were determined using a nested polymerase chain reaction (PCR) and direct sequencing. DNA was amplified using 5 U/µl Taq DNA polymerase (Takara Biotechnology Co., Ltd., Dalian, China), 5 µl HBV DNA template, 1 µl each primer and 10 mM each dNTP in a final volume of 30 µl. A PCR reactor (Biometra TRIO 48; Biometra biomedizinische Analytik GmbH, Jena, Germany) was used. Primer sequences for the first round of PCR were forward, 5'-CCTGCTGGTGGCTCCAGTTCMG-3' (nt 58-79) and reverse, 5'-AGGAGTTCCGCAGTATGGATCGGCAG-3' (nt 1,286-1,260). The first round of PCR analysis was performed under the following conditions: initial denaturation at 95˚C for 7 min, 35 cycles of denaturation at 95˚C for 30 sec, annealing at 57˚C for 30 sec and extension at 72˚C for 90 sec, followed by a final elongation step (7 min at 72˚C). The primers used for the second round of PCR were forward, 5'-CCA TAT CGT CAA TCT TMT CGA-3' (nt 113-134) and reverse, 5'-CCA GTG GGG GTT GCG TCA GCA A-3' (nt 1,208-1,186). The parameters for the second round were the same as the first. If the HBV DNA levels were <10,000 copies/ml, nested PCR was used to amplify the HBV RT region; if the HBV levels were >10,000 copies/ml, however, only the second round of PCR was performed. PCR products were resolved in 2% agarose gels by electrophoresis with ethidium bromide staining. A fragment of ~1,100 bp containing the entire RT region was amplified. PCR products were purified from the gels by using the Agarose Gel DNA Purification kit (Takara Bio Inc., Dalian, China) according to the manufacturer's instructions.
Purified PCR products were cloned into the pMD18-T vector (Takara Bio Inc.,) following the manufacturer's protocols. Positive clones were sequenced with two primers specific for the vector, RV-M and M13-47, on an ABI sequencing system (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA). For each sample, ~25 clones were sequenced.
Sequence analysis. BioEdit 7.0.9 (20) was used to assemble sequences. Multiple alignments were performed on all sequences using Clustal X 2.0 (21). RDP3.0 software was used to detect potential recombinant sequences (22) . QS complexity and diversity were determined and used to evaluate the dynamics of viral heterogeneity. QS complexity was measured via the Shannon entropy (Sn), which refers to the number of variants identified in a single sample. The Sn was calculated at the nucleotide and amino acid level using the following formula: Sn=-∑i(pi x lnpi)]/lnN, where pi is the frequency of each clone in the QS population and N is the total number of clones (23) . Three parameters were used to assess QS diversity: The mean genetic distance (d), the number of synonymous substitutions per synonymous site (dS), and the number of non-synonymous substitutions per non-synonymous site (dN). d was calculated at the nucleotide and the amino acid level. d at the nucleotide level was calculated using Tamura's three-parameter model, whereas that at the amino acid level was calculated using the Jones-Taylor-Thornton model with Mega 7.0 software. The dS and dN values were calculated under the modified Nei-Gojobori model with Jukes-Cantor correction using Mega 7.0 software (24) .
HBV genotyping and phylogenetic analysis. In the present study, the HBV genotype was assigned by phylogenetic analysis of the S gene. Sequences were aligned with the Clustal W program. Phylogenetic trees were constructed by neighbour-joining analysis with 1,000 replicates of the bootstrap resampling test using Mega 7.0. Phylogenetic trees were constructed at baseline and six months of LAM/ADV combination treatment using all groups of sequences at the nucleotide and the amino acid level.
Statistical analysis. Continuous variables were expressed as the median and range. Multiple samples of the measurement data between different groups and time-points were compared by using the Kruskal-Wallis test, and the Mann-Whitney U-test was applied as a post-hoc test when appropriate. Categorical data were examined using the Chi-square test or Fisher's exact test. A two-tailed P<0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA).
Results
Demographic, clinical and laboratory data. The demographic data and clinical features of the patients are provided in Table I . Based on the serum HBV DNA levels, seven patients were identified to respond to LAM/ADV combination treatment, while nine were NRS and two experienced a virological breakthrough. Sex, age, HBeAg status, genotype, drug resistance under LAM treatment, YMDD pattern, ALT levels and HBV DNA levels in RS and NRS were comparable at baseline (P>0.05). No significant difference in ALT levels was identified in either group at months three and six, but HBV DNA levels in RS were lower than those in NRS (median, <3.00 vs. 4.20 lg copies/ml, P= 0.018; median, <3.00 vs. 4.23 lg copies/ml, P=0.001, respectively) at months three and six (Table I ). In the NRS group, 8 patients switched to ETV plus ADV, and only one patient continued to use LAM/ADV. At the 9-month follow-up, one patient decided to discontinue the treatment. At the 12-month follow-up, eight patients exhibited a virological response. Therefore, no further research was performed on these patients.
Viral QS in the RT region and S region.
A total of 608 sequences (range, 21-26 per serum sample) were generated and analyzed. The characteristics of QS were analyzed for the RT and S gene region in each patient.
In the RT region, no significant difference in the QS composition was identified between RS and NRS at baseline, at either the nucleotide or the amino acid level. Compared with the QS composition prior to treatment, no change was observed at six months, not even in the NRS (P>0.05; Fig. 1 ). In the RT region, the number of QS and dominant strains exhibited no significant difference between RS or NRS at baseline and NRS at six months, at either the nucleotide or the amino acid level (all P>0.05; Fig. 2 ). The number of QS in RS was also similar to that in NRS at the baseline, at the nucleotide and the amino acid level (P=0.166 and 0.594, respectively; Fig. 2A and B) . The frequency of the dominant strain in RS was significantly higher than that in NRS at the nucleotide level (P=0.039), but indistinguishable at the amino acid level (P= 0.223; Fig. 2C and D) . QS complexity and diversity was not significantly different between RS and NRS at baseline and NRS at six months, at the nucleotide and the amino acid level in the RT region (all P>0.05; Fig. 3 ). QS complexity at baseline exhibited no significant difference between RS and NRS at the nucleotide and the amino acid level (P=0.138 and 0.491, respectively; Fig. 3A Similar results to those for the RT region were obtained for the S region. The QS composition was similar to that of the RT region (data not shown). The number of QS and dominant strains exhibited no significant difference between RS and NRS at the baseline and NRS at six months, at either the nucleotide or amino acid level in the S region (all P>0.05; Fig. 4 ). The number of QS and dominant strains in RS was not significantly different from that in NRS, at the nucleotide and the amino acid level (P>0.05; Fig. 4) . Furthermore, the number of QS and dominant strains for NRS at the nucleotide and the amino acid level were similar between the baseline and at six months (P>0.05; Fig. 4) . QS complexity and diversity in the S region were not significantly different between RS and NRS at the baseline and NRS at six months, at the nucleotide and the amino acid level (all P>0.05; Fig. 5 ). No significant difference was observed in QS complexity and diversity between RS and NRS at baseline (P>0.05; Fig. 5 ). In the NRS group, the QS complexity and diversity did not significantly differ between baseline and six months (P>0.05).
Mutations within the HBV RT and S region. Mutated residues and mutation frequencies at different locations of HBV RT in clones of the RS and NRS group are summarized in Prior to combination treatment, the rtA181V mutation was identified in one patient in the RS group (two in 24 clones), and no ADV resistance mutation (rtN236T) was detected. Common and frequent mutations identified in the cohort of the present study included rtL80V/I, rtV84M, rtL91I, rtN118H/D/T, rtT128A, rtL180M, rtT184L/S/A, rtV191I, rtS202G, rtV207I/M, rtS213T, rtQ215P/S/H, rtL229V/M/W/F, rtS256G/C, and rtN337H/T, as presented in Table II . In addition, a stop codon mutation at site 284 was identified in one patient in the RS group (4 in 25 clones). In the present study, the most prevalent mutations were those in the S region (sP120Q, sQ129R, sT131I, sM133I, sG145R, sY161F/H, sI195M/T, sW196S/L, sW199C/L and sM213I/T; Table III ). Furthermore, three out of five stop codons in the S region (sS34*, sW74*, sW172*, sW182*, sW196*) were identified in the RT region; the stop codons have been associated with NAs resistance, also affected the HBsAg reading frame (rtA181T/sW172*, rtV191I/sW182* and rtM204I/sW196*).
Phylogenetic analysis. A phylogenetic tree was constructed with the maximum likelihood algorithm by aligning the HBV RT and S regions. To keep the phylogenetic tree concise, identical sequences were discarded and all QS from a patient were retained. As expected, the sequences from individual patients clustered together. While it was not possible to accurately calculate the mean branch lengths for the RS and NRS, they appeared similar (data not shown).
Discussion
Despite the availability of first-line NA therapy with a high resistance gene barrier, LAM has been widely used in China for CHB treatment (25) . As a result, a large number of LAM-resistant patients have emerged, and NA resistance remains a serious problem in China (25) . As a rescue treatment for LAM-resistant patients, in addition to TDF, LAM/ADV combination treatment is provided to a large number of patients due to economic reasons and availability (26) . In vivo and in vitro studies have suggested that ADV is effective in patients with LAM resistance arising from YMDD mutation (5-7). The present study indicated that LAM/ADV combination treatment suppresses viral replication in certain LAM-resistant CHB patients with YMDD mutation within six months. However, 9 patients had a poor response at six months and 2 even experienced a virological breakthrough. The reason for the poor response to LAM/ADV combination treatment in cases with LAM resistance had remained elusive and required to be investigated. Earlier studies reported that HBV DNA levels are correlated with anti-viral efficacy. According to the Roadmap Concept (report of an international workshop), HBV DNA levels at week 24 are an important indicator for anti-viral efficacy and drug management (27) . In the present study, patients were divided into two groups based on their virological response to combined ADV treatment at six months. No significant differences in age, sex, drug resistance to LAM, YMDD pattern, HBV genotype, ALT levels and HBeAg status were identified between these groups. HBV DNA levels at month three were revealed to be better at predicting the response to treatment for combination treatment than that at month six. In NRS, HBV DNA decreased significantly in the first three months and then plateaued. It remains elusive whether viral QS are associated with the efficacy of combination therapy. Since the RT region of HBV polymerase is the target of NAs and the S region overlaps with the RT region, the dynamic changes of HBV QS within the RT and S regions were investigated during LAM/ADV combination treatment to study their effects on anti-viral efficacy and drug resistance.
Most of the previous studies investigating this matter suggested that HBV QS heterogeneity in the RT and/or S regions may be a predictor of the anti-viral efficacy of NAs (13) (14) (15) (28) (29) (30) . In the present study, however, the complexity and diversity of HBV QS, whether in the RT or S region, were identified to be comparable between RS and NRS at baseline, suggesting that the QS characteristics of patients with CHB at baseline were not associated with the virological response in this cohort of patients. This result echoed those from previous studies on patients with CHB receiving NAs therapy. Chen et al (13) and Liu et al (14) investigated the HBV QS heterogeneity at baseline and identified no association with the response to NA treatment. Other studies obtained opposite results. For instance, a study by Han et al (29) using the massively parallel ultra-deep DNA pyrosequencing method suggested that the HBV QS heterogeneity at baseline is a predictor for the efficacy of LAM. In the present study, no statistically significant difference in QS heterogeneity, in either RT or the S region, was identified between the baseline and six months of treatment in NRS. This was also in line with the baseline results of a study by Lavocat et al (31) , which obtained no significant difference at the baseline in QS complexity or diversity between treatment groups of patients with incomplete ADV response receiving TDF monotherapy or emtricitabine in combination. The QS complexity increased at week 12, and the complexity and diversity decreased at week 48 in the two treatment groups (31) . Whether HBV QS heterogeneity in the present cohort had a trend similar to that reported by Lavocat et al (31) , which exhibited an early rise followed by a decline, has not been explored in the present study. The present study also indicated that the QS composition of RS was not significantly different from that of the NRS at baseline. Although the number of RT region dominant strains at the nucleotide level in the RS group was relatively higher than that in the NRS at baseline, the number of QS in RS was not significantly higher than that in NRS. Furthermore, analysis of the phylogenetic tree indicated that, regardless of the presence of LAM resistance, at six months after combination treatment with ADV, QS components and complexity were not significantly changed. Therefore, the baseline QS had no significant predictive value regarding the efficacy of LAM/ADV combination therapy regarding YMDD mutant-associated LAM resistance. In the present study, a YMDD mutation was detected in all patients, and the Y-valine (V)DD and Y-isoleucine (I)DD mutation rates were also similar. During LAM/ADV combination rescue therapy, although the frequency of YMDD mutation declined, it did not disappear in NRS after six months of treatment. In a previous study, Ijaz et al (32) indicated that no reversion to wild-type HBV occurred in patients with LAM-resistant HBV receiving LAM/ADV combination therapy. In addition to the emergence of the YMDD mutation, other LAM-associated mutations were also detected in the clonal analysis, e.g. rtA181T was detected in one patient in the RS group. The rtA181T mutation has been suggested as an atypical mutation associated with LAM and ADV resistance (33) . This patient developed a virological breakthrough during the follow-up (data not shown). The ADV resistance-associated rtN236T mutation was not detected at all in the present study. Other mutations, including rtV84M, rtN118H/D/T, rtI169T, rtT184A/L/S, rtV191I, rtV207I/M, rtS213T, rtQ215P/S/H, rtI233L, rtP237H/T and rtS202G, which have been previously reported to be associated with ADV or ETV resistance (34, 35) , were detected at baseline or after six months of LAM/ADV treatment. In addition, the substitution mutation rtA194T, which has been associated with TDF resistance (36), was not detected. Hence, these results suggest that TDF, but not ADV or ETV, should be considered for the treatment of patients with LAM resistance. In addition to these well-documented major and compensatory mutations, 2 more mutations (rtS256G/C and rtM337H/T) were detected at a high rate. Furthermore, rtW284* was detected in one RS patient (4 of 25 clones) at baseline. The significance of these mutations requires to be investigated in follow-up studies. However, in the present study, no definite association between certain mutations and a patient's response to combination therapy was established.
Since the polymerase gene overlaps with the S gene, a mutation in the nucleoside may result in amino acid mutations in the RT and S genes. Similar to previous studies, the present study suggested that truncation mutations (rtA181T/sW172*, rtM204I/sW196* and rtV191I/sW182*) occurred at the highest frequency (37, 38) . Other studies have indicated that these three mutants may hamper virion secretion, leading to HBsAg protein retention and decreased serum HBV DNA levels. In the present study, most S region mutations were located in the 'a' determinant and were detected in NRS rather than in RS (17) . In contrast to previous studies, a number of S gene mutations (e.g. sP120T and sG145R) that may be associated with LAM resistance (39), were not detected in the present study. However, the significance of these mutations has remained to be assessed in detail.
Of note, the present study had certain limitations. First, the sample size was relatively small. Furthermore, the present study only cloned HBV DNA samples obtained at baseline and six months after LAM/ADV rescue treatment. HBV DNA from other follow-up time-points were not cloned due to lack of available serum samples. In addition, the cloning strategy applied in the present study was expensive and labor-intensive, and ultra-deep pyrosequencing may be a good alternative, but cloning/sequencing is considered as the gold standard technique for assessment of viral QS (14) . However, the major aim of the present study was to assess the QS of patients with drug-resistance, which is different from that of other studies on treatment-naïve patients.
In conclusion, the present study indicated that in CHB patients with LAM resistance, the baseline HBV QS within the RT and S regions was not significantly different between RS and NRS during rescue treatment with LAM/ADV. The baseline viral QS of HBV in patients with YMDD mutations may not predict the efficacy of combination therapy with LAM/ADV in LAM-resistant patients. In addition, no specific HBV mutant was selected during rescue treatment with LAM/ADV for LAM resistance. Finally, LAM resistance may occur in HBV variants with cross-resistance to other NAs, including Telbivudine Entecavir and ADV (when rt180 mutation occurs), so rescue treatment with TDF rather than ADV should be recommended. Future large-scale studies using samples collected prior to and after therapy with NAs are required to clarify the resistance-associated dynamics of viral QS.
